Modulating heterogeneous microstructure in room temperature ionic liquids (RTILs) by external stimuli is an important approach for understanding and designing the external field induced chemical reactions in natural and applicable systems. Here, we report for the first time the redistribution of oxygen molecules in RTILs due to laser-induced microstructure changes probed by triplet excited state dynamics of porphyrin and rotational dynamics of coumarin 153. A remarkably long-lived triplet excited state of porphyrin is observed in air-saturated ionic liquid with the changes of microstructure after irradiation, suggesting that more charge-shifted O 2 induced by external laser field move into the polar domains of ionic liquid [C 8 mim] [PF 6 ] from nonpolar domains through electrostatic interactions. The results presented here suggest that the heterogeneous systems of ionic liquids upon external stimuli can be designed for those oxygen-related chemical reactions with extensive inspirations for potential applications in lithium-air batteries, gaseous sensing, photoelectrical catalysis and so on.
Abstract:
Modulating heterogeneous microstructure in room temperature ionic liquids (RTILs) by external stimuli is an important approach for understanding and designing the external Photocatalysis, aerobic reaction, energy/charge transfer and many natural processes are all involved with physical chemistry behaviors of solutes and/or solvents in a heterogeneous microenvironment. [1] [2] [3] [4] [5] [6] [7] [8] [9] Triggered by external optical or electrical control methods to modulate the physical chemistry processes in various heterogeneous systems is a high interest research subject today. [10] [11] [12] [13] [14] Many probe molecules are optimized to improve their responsive properties for investigating the changes of their surrounding microenvironment. 15 A heterogeneous solvent could provide a more versatile media, where simultaneous modulating the microenvironment of solvent and the associated physical chemistry properties (such as spectral behaviors) of solute would possibly shed a new light for many promising applications.
Room temperature ionic liquids (RTILs) as alternatives to conventional solvents have been extensively investigated due to their many advantages like almost non-volatile, high thermal stability, broad electrochemical window, which emerged as benign media for reaction, catalysis, electrolytes, gas adsorption and so on. [16] [17] [18] [19] [20] Especially, one of the most unique natures of ionic liquids is their structural heterogeneity which provides a microenvironment with potential designer heterogeneous microstructures composed of all cations and anions for photo-electric control. [21] [22] [23] [24] [25] Both experimental and computational evidences show that some organized structures with different structural domains could form within ionic liquids by their polar and nonpolar components. [26] [27] [28] [29] [30] [31] These instinct heterogeneous microenvironment of RTILs can be sensitively revealed by the dynamics of molecular probes through many spectroscopic methods, which has been studied by many research groups. Porphyrins with their excellent triplet excited state properties are important candidates for the photochemical and photoelectric researches related to the applications of solar cells, sensing, diagnostics and therapeutics. [52] [53] [54] [55] [56] Moreover, because the dynamics of their triplet excited states are very sensitive to the microenvironment associated with oxygen, porphyrin molecules are widely used as a probe to study the microstructure changes associated with oxygen-related chemical reactions in many heterogeneous systems. [57] [58] [59] By now, how to modulate and identify the heterogeneous microstructure changes of ionic liquids for their applications is still a challenge. It is of great interest to see how this spatial heterogeneity within ionic liquids changes when an external stimuli is applied. In this study, we demonstrate a successful modulation and identification of triplet excited state dynamics of mesotetraphenylporphyrin (TPP) from a structural heterogeneity change of ionic liquids with the redistribution of oxygen induced by external laser field, which is also proved by the complementary results of rotational dynamics of coumarin 153 (C153) and molecular dynamics (MD) simulations. As neutral molecules like TPP and C153, they can well disperse into the heterogeneous microenvironment of ionic liquids. By the controllable laser-induced means, the spectral behavior of these molecular probes can be used to determine the structural heterogeneity .
Results

Spectroscopic behaviors of meso-tetraphenylporphyrin (TPP
Surprisingly, the dynamics of TPP triplet excited state in the heterogeneously structural ionic 6 ] are gradually changed from a fast decay to a slow decay under the airsaturated condition with the increase of laser irradiations from 10 to 300 and up to 500 pulses as shown in Fig. 2a . The dynamics of TPP triplet excited state observed with 10 pulses laser irradiation show a single exponential decay, whereas a biexponential decay law is required to obtain the best fitting after 40 or more pulses. As the laser irradiations increase from 10 to 500 pluses, the average lifetime of TPP triplet state markedly increase from 1.70 to 128.10 μs as listed in Table 1 . Furthermore, as a comparative experiment in the deoxygenated ionic liquid 6 ], the dynamics of TPP triplet excited state show very slow decays and there is no obvious dynamic changes observed with all the laser irradiations applied from 10 to 500 pulses as shown in Fig. 2b , indicating that oxygen rather than the microstructure of ionic liquid mainly plays the crucial role in modulating the TPP excited triplet state lifetimes. It should be mentioned
here from the control experiments that, the exactly same absorption spectra and NMR spectra of TPP in air-saturated ionic liquids before and after laser irradiation as shown in Supplementary   Fig. 1 and Supplementary Fig. 3 , indicate that there is no structure damage and no reaction between oxygen molecules and TPP or ionic liquids during the laser irradiation. The completely recovery of TPP triplet excited state dynamics after 500 pulses as shown in Supplementary Fig. 4 , suggest that the changed TPP triplet state behaviors are possibly from the redistribution of oxygen molecules in the heterogeneous ionic liquids.
To prove that it is the redistributed oxygen in the heterogeneous ionic liquid [C 8 In fact, since the main absorption of ionic liquids are in the region shorter than 300 nm, there is no obvious absorption for ionic liquid itself at laser wavelength (532nm). Photo bleaching/decomposition of ILs may not take place upon laser irradiation, whereas the continuous irradiation by the laser pulses (1 Hz, 7 ns, 10 mJ/pulse) for longer time could be helpful for the formation of highly ordering microstructure of ionic liquids. pulses to 58% at 300 pulses and 57% at 500 pulses, respectively, indicating that the orderly integrated polar domains are almost completely formed after 300 pulses laser irradiation. As shown in Supplementary Fig. 4 and Supplementary 6 ] has almost no obviously change as the laser irradiation up to 300 pulses, and only a slightly longer lifetime is observed up to 500 pulses laser irradiation with a fast recovery time only about 3 hours ( Supplementary Fig. 4 and Supplementary are almost unchanged even after laser irradiations with 300 and 500 pulses, suggesting no obvious microstructure changes as shown in Supplementary Fig. 13 and Supplementary 
Discussion
We have presented a microstructure-dependent modulation of porphyrin triplet excited state The maxima fluorescence emission peak wavelength. 6 ] was used as the solvent as shown in Fig. 2 in main text, which shows that the redistribution of oxygen molecules within the heterogeneous microstructure of ionic liquids are the key factor for modulating the TPP excited triplet state dynamics. Molecular dynamic (MD) simulation has been successfully used to simulate the ionic and hydrophobic domains in ionic liquids. [3] [4] [5] In order to identify the distribution of oxygen molecules 6 The size of the simulation boxes were set to 1.5 nm × 1.5 nm × 1.5 nm. After initial setup of the simulation box, the system was first optimized with 1000 steps of the steepest descent minimization. After initial energy minimization, production runs of 5.0 ns duration at constant volume were conducted. The particle mesh Ewald method was used to calculate electrostatic interactions, with a cut-off of 8.5 Å for the separation of the direct and reciprocal space summation.
Supplementary
7,8
The cut-off distance for van der Waals interaction was 8.5 Å, and the parameters of the Lennard-Jones potential for the cross interactions between non-bonded atoms were obtained from the Lorentz-Berthelot combination rule. [9] [10] [11] In all MD simulations, the time step of 1.0 fs was used and the coordinates were saved every 1 ps. All atom MD simulations were performed using the Materials Studio Program package. 6 In both energy minimization and MD simulations, the COMPASS force field was used.
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Ionic (polar) and hydrophobic (nonpolar) domains in the ionic liquid are obtained from the result of the MD simulation. Supplementary Fig. 6 shows the distribution of polar and nonpolar regions in [C 8 mim][PF 6 ] ionic liquids, it is found that two domains are formed in ionic liquid, the polar domains are rich in anions and imidazolium rings while the nonpolar domains are rich in alkyl chains, which is in agreement with our previous experimental results. 13, 14 The polar domains are formed through electrostatic attractions, whereas the alkyl chains do not participate in the strong interaction network of polar domains, and thus pack together and form the nonpolar domains through van der Waals interactions. Based on the understanding of the ionic (polar) and hydrophobic (nonpolar) domains in the ionic liquid, we build the layer by layer model, where the charged components of imidazolium rings and anions were packed in the ionic domain while the hydrophobic alkyl tails were pointing into the hydrophobic domain (as shown in Supplementary Fig. 6 ). were calculated using B3LYP method with effective core potential. 17, 18 Charge distribution in Supplementary Fig. 7 shows the polarization of the O 2 at (+0.042, -0.041). The energy of the other parts of the system is calculated using the similar method as described before. Energy and temperature changes in the simulation are shown in Supplementary Figs 8 and 9 , respectively. domains. The transition states between upper and lower sides of polar domain are also detected at 1.9 ns and 1.78 ns (which is shown in the following fig., Supplementary Fig. 12 ).
Supplementary
Supplementary Figure 12.
The transition states when oxygen was moving from the lower side to the upper side of the ionic (polar) domain at 1.78 ns, while at 1.90 ns, it moves back down to the lower side from the upper side.
It is quite significant to see that the oxygen molecules mainly distribute in the polar domains rather than in the nonpolar domains. Even though the interactions between oxygen molecules and the charged components are obviously weaker than the electrostatic attractions between ion pairs, they are much stronger than the ones between alkyl chains and the charged components. This is to say that the polar domains prefer the oxygen from the alkyl chains, and O 2 molecules could easily reach to the boundary of polar and nonpolar domains and keep away from the alkyl chains.
On the other hand, the interaction between the alkyl chains and the oxygen molecules is even weaker than the interactions within alkyl chains themselves. Furthermore, oxygen molecules could be easily polarized by internal-built ionic field of ionic liquids and move into the polar domain. Therefore, from the point of energy, the process with O 2 inserting into the nonpolar domain is quite inferior with external field or internal-built ionic field. In this case, the polarized O 2 are randomly distributed in polar domain of ionic liquids.
Supplementary Note 6
Rotational Dynamics of C153. Supplementary Fig. 13a based on our previous study. 13, 14 From Supplementary Fig. 13 and Supplementary Fig. 13a ). laser pulses (about 10 seconds) and much similar to the non-irradiation initial cases, 13 and no obvious changes are observed before 100 pulses of laser irradiation. After 300 and 500 pulses, increases slightly from initial 51% at 10 pulses to 58% at 300 pulses and 57% at 500 pulses, respectively, and that of the fast rotation time constant increases from 0. 
